The mechanisms underlying selective attention to gratings consisting of a particular conjunction of spatial frequency and orientation were investigated by means of both visual evoked potential (VEP) and behavioral measures. The effects of selective attention upon the YEP indicated two general types of selection processes: one which is specific to the features contained in the relevant gratings and is most pronounced approximately 225 msec poststimulation, and another which is specific to the conjunction of features defining the relevant grating and is most pronounced 250-376 msec following the presentation of the stimulus. The behavioral responses primarily reflected this latter, or grating-specific, attentional process. The results are discussed in terms of the role of sensory feature channels in mediating selective attention to visual stimuli and are related to various information processing models of visual pattern selection.
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The mechanisms underlying selective attention to gratings consisting of a particular conjunction of spatial frequency and orientation were investigated by means of both visual evoked potential (VEP) and behavioral measures. The effects of selective attention upon the YEP indicated two general types of selection processes: one which is specific to the features contained in the relevant gratings and is most pronounced approximately 225 msec poststimulation, and another which is specific to the conjunction of features defining the relevant grating and is most pronounced 250-376 msec following the presentation of the stimulus. The behavioral responses primarily reflected this latter, or grating-specific, attentional process. The results are discussed in terms of the role of sensory feature channels in mediating selective attention to visual stimuli and are related to various information processing models of visual pattern selection.
The neural mechanisms underlying intramodal selective attention in humans have been investigated using the visual evoked potential (VEP) in a variety of different contexts (see Eason, Harter, & White, 1969; Harter & Guido, 1980; Harter & Previc, 1978; Harter & Salmon, 1972; Van Voorhis & Hillyard, 1977) . Although the visual stimuli in these and other studies have varied along several types of dimensions, including spatial location, check size, orientation, and color, in no case have the attended and nonattended stimuli varied orthogonally along more than one feature dimension. Such a manipulation is necessary to assess the extent to which attention influences the processing of features as compared with the conjunction of features. In the present study, the effect of selective attention upon VEPs to gratings varying along two feature dimensions-spatial frequency and orientation-was examined.
The nature of spatial frequency and orientation sensitivity in humans has been widely investigated by means of both psychophysical and electrophysiological techniques (see Braddick, Campbell, & Atkinson, 1978 , for a review). The specificity of such sensitivity has been characterized in terms of "channels" associated with a particular bandwidth for a particular feature. Spatial frequency and orientation channels have generally been viewed as at least partially interdependent.
By means of an interocular suppression paradigm, the YEP has been employed in order to investigate the nature of, and interaction between, spatial frequency and orientation channels in the human visual system (Harter, Conder, & Towle, 1980; Harter & Musso, 1976; Towle, Harter, & Previc, 1980) . The results of the Towle et al. (1980) study revealed that the onset of orientation-specific suppression (approximately 100 msec poststimulation) preceded the onset of spatial frequency-specific suppression by over 100 msec. The results of this study also indicated that whereas the initial orientation and spatial frequency-specific suppression effects were largely independent of one another, later suppression effects were dependent upon an interaction between the two channels, that is, were limited to the condition in which the spatial frequency and orientation of the suppressing and flashed gratings were in common. Harter and Previc (1978) tested the hypothesis that feature-specific channels, such as those described above, may be influenced by selective attention to particular features. Their results supported this hypothesis in that the influence of selectiveattention to spatial frequency closely resembled the effects of spatial frequency-specificsuppression upon the VEP. Harter and Guido (1980) further demonstrated that the scalp topography of orientation-specific YEP attention effects was similar to that of the YEP effects associated with the processing of the pattern per se.
In the present study, it was similarly hypothesized that the "endogenous" effects of selectively attending gratings of a particular spatial frequency and orientation would closely resemble the "exogenous" inter ocular suppression effects obtained by . Specifically, it was predicted that (1) selective attention to a grating of a particular orientation and spatial frequency would initially result in feature-specific changes in VEPs to both the relevant grating as well as irrelevant gratings whose orientation or spatial frequency was identical to that of the relevant grating, (2) the onset and duration of these feature-specific effects would be comparable to those obtained using the sensory interocular suppression paradigm, and (3) later YEP selection effects would be specific to the conjunction of features in the relevant grating, that is, to the relevant grating per se.
METHOD SubJeds
Seven graduate students and one faculty member of the University of North Carolina at Greensboro participated in the study. Half of the subjects had served previously in a similar type of study. All possessed a monocular (right eye) visual acuity of 20/40 or better.
Visual Pl'eHntation
The high-contrast (.9) square-wave stimulus transparencies employed were identical to those used by Towle et al. (1980) . The gratings comprised either 9-or 36-min bars (i.e., fundamental spatial frequencies of 3.3 and .83 cycles/deg, respectively) and were oriented either horizontally or vertically. The four gratings will be referred to hereafter as 9V, 9H, 36V, and 36H. A transparency was back-illuminated once every 780 msec with a 10-msec flash generated by a Grass PS-2 photostimulator. The four gratings were flashed successively in a random sequence.
The flashed gratings, subtending 4 deg of visual arc, were presented at a distance of S3 cm through an artificial pupil to the macular area of the right eye. Each flash was 2.8 log units in intensity above a 4-mL diffuse background field.
Attention Task
In performing the selective-attention task, subjects were required to respond selectively to a grating of a particular spatial frequency and orientation, and to ignore the other three gratings. The task was made demanding by the imposition of a stringent reaction-time (RT) response criterion in which the release of a microswitch key was required within 37S msec following the presentation of the relevant stimulus. Failure to do so resulted in the presentation of a feedback click. A signal-detection categorization scheme was employed in evaluating subjects' performances. Responses to relevant stimuli occurring within the 37S-msec interval were "hits"; responses to irrelevant stimuli were "false alarms"; delayed or absent responses to relevant stimuli were "misses"; and withheld responses to irrelevant stimuli were "correct rejections." If the percentage of "hits" or "correct rejections" failed to exceed 7SOJo, the subjects were required to repeat the task.
Visual Evoked Potentials
Conical responses to the patterned flashes were recorded by means of Grass GS gold-plated cup electrodes. Recording was monopolar, with the source electrode placed 2.S cm above the inion, and the reference electrode attached to the right ear lobe. A ground electrode was attached to the left ear lobe. Resistance was maintained below 10 kg by the use of Redux electrode jelly. Responses were amplified by a Orass 7PSA preamplifier and a 7DA amplifier, with one-half-amplitude low-and high-frequency filters set at I and 3S Hz, respectively. Conical activity was monitored on a Dumont 708A oscilloscope.
A Fabri-Tek 1062 computer was used for signal averaging. Averaged VEPs (N = 64) to the 9V and 36H gratings were obtained in each of the four attention conditions (9V, 9H, 36V, and 36H). Averaged evoked potentials for each condition were permanently recorded on graph paper using a Hewlett-Packard 703SB X-V recorder. The baseline for each potential was defined as the average voltage level during the first SO msecfollowing the onset of the stimulus. All amplitude measurements were derived in reference to this baseline.
Overall Design and Procedure
The present experiment comprised four selective attention conditions, with one of the four gratings (9V, 9H, 36V, or 36H) deemed relevant in each of the conditions. In these conditions, therefore, the grating to which VEPs were recorded either (1) had both spatial frequency and orientation in common with the relevant grating, that is, was itself relevant, (2) had spatial frequency or orientation in common with the relevant grating, or (3) had neither feature in common with the relevant grating. The 9V grating, for instance, was relevant in the 9V condition, had spatial frequency and orientation in common in the 9H and 36V conditions, respectively, and had neither feature in common in the 36H condition.
Obtaining VEPs to the 9V and 36H gratings during the four attention conditions comprised a single replication requiring approximately I Vi h. Four replications were run, each on a different day. Both the order of recording and the order of the four attention conditions were counterbalanced across subjects and replications by means of a Latin-square design.
At the start of each session (replication), the subject was led into an electronically shielded, partially soundproofed cubicle, and seated in a comfortable chair. The experimenter then explained the nature of the task, and instructed the subject to minimize movement, fixate on the center of the display, and avoid blinking during the presentation of stimuli. The subjects were presented with a switch by means of which they could stop or start the presentation of stimuli, and allowed to practice the task which they were later to perform. White masking noise was then introduced into the experimental chamber, and the session was begun.
RESULTS
In assessing statistically the results of this study, a four-factor repeated-measures design was employed. As shown in Figure I , the four attention conditions described in the preceding section were transformed into two of these factors, based upon whether the
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9V 36H
Flashed Grating (0), and neither spadal frequency nor orientation (N). Tbe sbaded area Indicates tbat portion of the "SF" 0" effect which cannot be accounted for by tbe summation of the "SF" plul "0" feature effects. Reactlon-dme percentales are averaled across tbe two Oubed lratlnls, ellbt subjects, and four repUcations. Fllure 3. Top: Visual evoked potentials for a representadve subject to the 9V and 36H lratinlls under tbe four attention conditions. Lines Indicate latencies at which ampUtude measurements were made. Bottom: Difference potendals, based upon tbe potentials sbown above, reveallnl tbe Increue In ampUtude from tbe "neltber" feature In common concUtion to only spatial frequency (SF), only orientation (0), and the conjunction of both features (SF" 0) Incommon wltb the relevantllratinll. did the spatial frequency x orientation interaction [F(1,7)=301.08, p < .001], reflecting the influence of grating-specific attention.
Two other interaction effects which were not of theoretical relevance also proved significant for the behavioral data. These were the flashed grating x orientation [F(l,7) = 11.45, P < .05] and the flashed grating x spatial frequency x orientation [F(1,7) = 14.81, P < .01] interactions.
9V 36H
VEP Findings
The amplitude of the YEP was measured at the following latencies: 75, 125, 175, 200, 225, 250 , and 375 msec, poststimulation. A set of VEPs and associated difference potentials is shown for a representative subject (Figure 3 ) and for the quantified data averaged across all eight subjects (Figure 4) . In deriving the difference potentials, VEPs to the 9V and 36H flashed gratings when neither of their features was common to those of the relevant grating were subtracted from VEPs to those same gratings spatial frequency and/or orientation of the flashed grating (9V or 36H) were identical or not to those of the relevant grating. In this arrangement, then, the main effects reflected feature-specific attention effects. The grating-specific attention effect, the additional effect of attending to the conjunction of features contained in the relevant grating, was reflected in the interaction between the spatial frequency and orientation factors. The two other factors were flashed grating (9V vs. 36H) and replication (1-4) . The results were analyzed statistically by means of a repeated-measures analysis of variance (Keppel, 1973) .
Behavioral Findings
The percentage of RT responses in the four attention conditions, averaged across the 9V and 36H gratings, is shown in Figure 2 . As evidenced, the percentage of RT responses to the two gratings was greatest when they were relevant (i.e., "hits"). This grating-specific effect was, of course, a consequence of the RT response requirements. On the other hand, a considerable number of responses were made to the 9V and 36H gratings when they were irrelevant (i.e., "false alarms"), but had a single feature in common with the relevant grating. The feature-specific effect was most pronounced in the case of spatial frequency. Both the spatial frequency [F(1,7) = 2,268.46, p < .001] and orientation [F(1,7)=408.6, p < .001] feature-specific effects proved highly significant, as when a single feature was in common (spatial frequency or orientation), and when 9V and 36H were themselves relevant (spatial frequency and orientation common). Figure 5 contains bar graphs further depicting the feature-specific and grating-specific attention effects on YEP amplitude at those latencies at which the effects were most pronounced (225 and 375 msec, respectively).
The data in Figures 4 and 5 have been averaged across the 9V and 36H gratings, since they reflected similar trends.
YEP feature-specific attention effects. Featurespecific attention effects are displayed as the spatial frequency and orientation difference potentials in Figure 4b . The spatial-frequency attention effect was first evident as an increase in negativity starting at approximately 175 msec. This negative voltage shift peaked at 225 msec (see Figure 5) , and was followed shortly thereafter by a positive deflection peaking at 375 msec. The orientation attention effect possessed a similar time-course, although it was generally less prominent and consistent across the two gratings.
The results of the analysis of variance for the feature-specific attention effects are summarized in VEP gratlng-speclflc attention effects. The gratingspecific attention effect (shaded areas in Figures 4c  and 5 ) is reflected by that portion of the increase in YEP amplitude from the "neither" to "spatial frequency & orientation" attention conditions (ASF & 0, Figures 4c and 5) which cannot be attributed to the summation of the feature-specific attention effects (ASF + AO, Figure 4c ). This effect has a later time-course than the feature-specific effects, starting at about 225 msec and peaking at 375 msec poststimulation. The feature-specific attention effects were proportionately greater at 225 msec, whereas the grating-specific attention effect was proportionately greater at 375 msec( Figure 5 ).
With the exception of a significant value at 125 msec [F(l,7) = 17.30, p< .01], the spatial frequency x orientation interaction effect, which assessed the magnitude of the grating-specific attention effect in the analysis of variance, revealed a similar trend (see Table 1 ). This interaction effect attained significance at 225 msec [F(l,7) = 6.06, p < (right) as a function of the four attention conditions, which varied in the number of features common to the flashed and relevant gratings. These are percentages of the total change in amplitude due to selectively attending the relevant grating-that is, the "neither" vs, "spatial frequency & orientation" attention conditions. The shaded area in the "SF &0" condition represents the increase in amplitude which cannot be attributed to the summation of the "SF" and "0" feature-specific effects. The graphs are based upon data averaged across the two flashed gratings, eight subjects, and four replications. 
Summary
The most prominent overall aspect of the effect of attending to the gratings employed in the present study was a long negative voltage shift starting at about 175 msec and peaking at 250 msec, followed by a positive shift peaking at 375 msec. Both feature-specific and grating-specific selection effects were evidenced in these fluctuations. With the exception of VEP activity at 125 msec, the feature-specific effects occurred slightly earlier in time than the grating-specific effects. The behavioral data primarily reflected grating-specific selection processes, and therefore most closely resembled YEP activity occurring after 225 msec.
DISCUSSION
The results of this study indicate that selective attention to gratings of a particular spatial frequency and orientation may be characterized by two general mechanisms: (1) one which is specific to the features contained in the relevant gratings, and (2) one which is specific to the conjunction of features, which defines the relevant grating. In both the behavioral and YEP data, feature-specific selection processes were reflected in response activity that was "channelspecific," that is, occurred to irrelevant gratings that had either spatial frequency or orientation in common with the relevant grating. Grating-specific selection processes, on the other hand, were reflected in those effects which could not be predicted on the basis of feature-specific attention. These findings will be discussed both in terms of the role of featurespecific and grating-specific sensory mechanisms in mediating selectiveattention and in terms of the role of particular features and feature-conjunctions in other visual selection paradigms. Before proceeding to a more detailed discussion of these two selection mechanisms, it should be noted that both feature-specific and grating-specific attentional processes were clearly evidenced in the extended negative voltage shift whose onset and peak occurred at approximately 175 and 250 msec, respectively. This finding lends further support to the view that this negative shift-termed N235 (Harter & Salmon, 1972) or "processing negativity'P-e-is actually a complexensemble of individual components depicting various stages in the information-processing hierarchy (see Harter, Aine, & Schroeder, 1982; Harter & Guido, 1980; Harter & Previc, 1978) .
In the present study, the effects of orientationspecific and spatial frequency-specific attention upon the VEP may be characterized as a set of parallel negative voltage shifts with onset latencies of approximately 175 msec and peak latencies of approximately 225-250 msec. The parallel nature of the feature-specific effects is consistent with the findings of information processing studies which have utilized choice RT and visual search paradigms (Saraga & Shallice, 1973; Treisman, Sykes, & Gelade, 1977) , and the greater prominence of the spatial frequencyspecific attention effect is also consistent with findings concerning the relative salience of size and orientation cues in visual search (see Keren, 1976 , for a review). The comparable time-course of the two feature-specific attention effects was not predicted on the basis of the Towle et al. (1980) study, however, which reported that orientation-specific suppression precedes spatial frequency-specific suppression by a substantial latency. On the basis of its time course, it would appear that orientation-specific attention is not mediated by the earliest orientationspecific suppression channels in the human visual system, although it may be mediated by orientationspecific suppression channels which are active later in time (see Towle et al., 1980) . However, while the time course of the spatial frequency attention effect in the present study closely resembled that of the interocular spatial frequency suppression effect obtained by Towle et al. (1980) , it may also be presumed not to have been mediated by the earliest spatial frequency-specific sensory channels reported in the YEP literature (see Smith & Jeffreys, 1978) . Thus, it may be tentatively concluded that in the case of both orientation and spatial frequency, featurespecific attention influences primarily those featurespecific sensory channels that are active later in time.
It may be presumed that the feature-specific attention effect occurred on the majority of irrelevant grating presentations regardless of whether a "false alarm" was actually made. If, however, this effect was present only when "false alarms" occurred, then it is possible that what has been termed a featurespecific attention effect may actually be a misplaced "grating-specific" effect, due to the fact that on "false-alarm" trials subjects mistakenly perceived the irrelevant grating as the target stimulus. Only an analysis of VEPs during "false-alarm" and "correctrejection" trials-which, in the present instance, was not possible-could provide definitive support for one of the above interpretations. However, there are at least two reasons for favoring the "feature attention" interpretation in this instance. First, a comparison of Figures 2 and 5 reveals that the relative prominence of feature attention effects in the YEP data clearly exceeded the relative percentage of feature-related RT responses. Second, the discrepant time courses of the feature-specific and gratingspecificattention effects render it highly unlikely that they manifested the same underlying process.
Grating-specific attention was reflected in two significant YEP effects in the present study. The most prominent of these occurred between 225 and 375 msec poststimulation, and was evident in the latter portion of the extended negative voltage shift described earlier, as well as the subsequent positive deflection traditionally termed P300. The fact that the onset of this grating-specific attention effect occurred subsequent to the onset of the featurespecific effects was predicted on the basis of the Towle et al. (1980) study, in which feature-specific sensory suppression effects also preceded gratingspecific ones. This finding would also have been predicted by models of pattern recognition and pattern selection which propose that such processes as pattern synthesis, selection on the basis of feature conjunctions, and target selection-all of which may be involved in grating-specific attention-are preceded by feature analysis and/or selection (see Rummelhart, 1977; Treisman, 1969; ' Treisman et al., 1977) . Finally, this finding is consistent with a recent YEP study in which selective attention to word-color conjunctions was preceded by the selection of the word and color features (Aine & Harter, 1981) , as well as other YEP studies which have reported that dimensions of the target are selected prior to target selection Harter & Guido, 1980; Harter & Previc, 1978) .
Although the vast majority of RT responses were directed towards the relevant grating, as required by the behavioral task, it is unlikely that the gratingspecific effect was purely a motor response potential. This is because similar potentials are evident even when subjects are not required to make an overt behavioral response to the relevant stimulus (Harter & Previc, 1978; Harter & Salmon, 1972) . It is also unlikely that this effect was entirely a result of the fact that the relevant grating was presented on only onequarter of the trials. Although infrequent stimuli do elicit P300 components (Duncan-Johnson & Donchin, 1977) , these components can also be generated by a target stimulus when the probability of target and nontarget stimulus presentations is equated (Harter & Salmon, 1972) . Furthermore, a probability explanation by itself would have difficulty in accounting for the feature-specific attention effects which were present in VEPs to the more frequent irrelevant gratings. Finally, such an explanation would ignore the strong parallels between the results of this study and the concepts of feature-specific and featureconjunction selection processes previously described in the information processing literature.
A second, less pronounced grating-specific attention effect, which occurred prior to the earliest significant feature-specific attention effects, was distinguished by a remarkably short peak latency (125 msec). This initial grating-specific effect was not predicted on the basis of the Towle et al. (1980) findings, and, presumably, it would not have been predicted by any of the above models. Nevertheless, it is consistent with pattern-recognition models which have postulated the existence of a "holistic" processing stage prior to feature analysis and selection (see Lockhead, 1972) . It must be conceded, however, that the nature and reliability of this early gratingspecific attention effect require further delineation and replication before its potential significance may be adequately assessed.
Before concluding, a few brief speculations concerning the respective neural loci of feature and grating-specific attentional mechanisms may be made. On the basis of topographical findings reported by Harter et al. (1982) and Harter and Guido (1980) , it is likely that the attention-related negative voltage shift between 175 and 250 msec originated in extrastriate visual association cortical regions. While posterior extrastriate regions may be responsible for feature attention activity, inferotemporal cortex would appear to be a logical candidate for the locus of the subsequent grating-specific attention effects, given its higher order patternrecognition and target-selection capabilities (see Mishkin, 1972; Sahgal & Iversen, 1978) . Further evi-dence suggests that selective attention involving feature-conjunction activity may be lateralized in the left hemisphere (Aine & Harter, 1981; Harter et al., 1982) . . In summary, selective attention to gratings defined as a conjunction of spatial frequency and orientation features may be characterized in terms of two general processes-feature-specific and grating-specific selection. Feature-specific selection appears to be (1) parallel in nature, with spatial frequency more prominently reflected than orientation, and (2) mediated primarily by feature-specific sensory channels which occur later in time. Grating-specific selection begins subsequent to the onset of feature-specific selection, and may be associated with a distinct neural locus.
